Introduction
Oncoproteins that result from chromosomal translocations are key driver events in many human cancers. Many oncogenic translocations induce aberrant transcriptional activity that results in the rewiring of genetic networks. However, in most cases the precise mechanisms that lead to these changes in gene expression remain poorly characterized. In roughly 50% of sarcomas that harbor reciprocal translocations, members of the FET family of RNA-binding proteins (FUS/TLS, EWSR1, and TAF15) are involved (1) . One example of this is Ewing sarcoma, a highly aggressive malignancy found primarily in children and young adults. The pathognomonic molecular lesion in the majority of Ewing sarcomas is a translocation event that fuses the FET family member EWSR1 to an ETS transcription factor, most commonly FLI1. Because these translocations always contain the transcriptional activation domain at the N terminus of the FET protein fused to the ETS DNA-binding domain, they are thought to behave as aberrant transcription factors (2, 3) .
Previous work has identified genes upregulated by fusion of the genes encoding RNA-binding protein EWS and transcription factor FLI1 (EWS-FLI1) that are critical for transformation. Early efforts identified targets by expressing EWS-FLI1 in NIH3T3 cells (4, 5) . However, gene expression changes found in heterologous systems may not always reflect Ewing sarcoma biology (6) . As an alternative approach, microarray analysis of the transcriptome of Ewing sarcoma-derived cell lines following EWS-FLI1 knockdown has identified hundreds of potential direct and indirect targets of EWS-FLI1, a few of which have been functionally analyzed. For example, the nuclear receptor NR0B1 is upregulated by EWS-FLI1 as a consequence of direct binding to its promoter and is required for EWS-FLI1-driven oncogenesis (7) . Similarly, the transcription factor NKX2.2 is an indirect EWS-FLI1 target that is also required for transformation (8) .
Knockdown of EWS-FLI1 in Ewing sarcoma cell lines leads to an expression profile similar to that of bone marrow-derived mesenchymal progenitor cells (MPCs), suggesting these as the likely cell of origin for Ewing sarcoma (9, 10) . Human MPCs are permissive to EWS-FLI1 expression, although EWS-FLI1 alone is insufficient to transform them (11) . Microarray profiling has identified some of the transcriptional consequences of EWS-FLI1 expression in primary MPCs. For example, EZH2 is induced by EWS-FLI1 in primary adult MPCs (11, 12) , and IGF1 and miRNA145 are EWS-FLI1 target genes in MPCs isolated from pediatric patients (13, 14) . The majority of Ewing sarcomas arise in patients between the ages of 10 and 20 years. This age-restricted frequency suggests that pediatric MPCs may be particularly Chromosomal translocation that results in fusion of the genes encoding RNA-binding protein EWS and transcription factor FLI1 (EWS-FLI1) is pathognomonic for Ewing sarcoma. EWS-FLI1 alters gene expression through mechanisms that are not completely understood. We performed RNA sequencing (RNAseq) analysis on primary pediatric human mesenchymal progenitor cells (pMPCs) expressing EWS-FLI1 in order to identify gene targets of this oncoprotein. We determined that long noncoding RNA-277 (Ewing sarcoma-associated transcript 1 [EWSAT1]) is upregulated by EWS-FLI1 in pMPCs. Inhibition of EWSAT1 expression diminished the ability of Ewing sarcoma cell lines to proliferate and form colonies in soft agar, whereas EWSAT1 inhibition had no effect on other cell types tested. Expression of EWS-FLI1 and EWSAT1 repressed gene expression, and a substantial fraction of targets that were repressed by EWS-FLI1 were also repressed by EWSAT1. Analysis of RNAseq data from primary human Ewing sarcoma further supported a role for EWSAT1 in mediating gene repression. We identified heterogeneous nuclear ribonucleoprotein (HNRNPK) as an RNA-binding protein that interacts with EWSAT1 and found a marked overlap in HNRNPK-repressed genes and those repressed by EWS-FLI1 and EWSAT1, suggesting that HNRNPK participates in EWSAT1-mediated gene repression. Together, our data reveal that EWSAT1 is a downstream target of EWS-FLI1 that facilitates the development of Ewing sarcoma via the repression of target genes.
Long noncoding RNA EWSAT1-mediated gene repression facilitates Ewing sarcoma oncogenesis (10) . In order to identify genes regulated by EWS-FLI1 in primary human cells, we isolated pMPCs from donors (see Methods). These pMPCs expressed high levels of CD146 (Supplemental Figure 1A and data not shown; supplemental material available online with this article; doi:10.1172/JCI72124DS1), an established marker of early skeletal progenitors capable of reconstituting a bone marrow niche in vivo (31) . pMPCs also expressed the mesenchymal markers CD90 and CD105 but not the hematopoietic marker CD45 (Supplemental Figure 1A) . As expected, pMPCs differentiated into osteogenic and adipogenic lineages in vitro (Supplemental Figure 1 , B and C) and were capable of forming colonies when plated at low density (ref. 32 and Supplemental Figure  1D ). The gene expression of pMPCs was highly similar to that of Ewing sarcoma cell lines with EWS-FLI1 knockdown, supporting the possibility that pMPCs are a cell type closely related to the Ewing sarcoma cell of origin (Supplemental Figure 1E and Supplemental Table 1 ). Thus, pMPCs provide a system to analyze the consequences of EWS-FLI1 expression in normal cells derived from patients within the age group in which Ewing sarcoma is known to arise most frequently.
A retroviral vector containing an EWS-FLI1 cDNA under the control of a doxycycline-inducible promoter was transduced into independent pMPC isolates from 3 different patients. Exposure to doxycycline induced expression of EWS-FLI1 to levels similar to those in Ewing sarcoma cell lines ( Figure 1A ). EWS-FLI1 expression in pMPCs induced expression of several genes previously reported to be EWS-FLI1 targets (7, 8, 13, (33) (34) (35) . In some cases, expression of these genes was below the threshold for detection in the absence of EWS-FLI1 but clearly was induced after EWS-FLI1 expression (IGF1, NKX2.2, and NR0B1), whereas, in other cases, expression was present at baseline but increased substantially after EWS-FLI1 (CAV1, ID2, and TOPK) ( Figure 1B ). pMPCs expressing EWS-FLI1 continued to proliferate for several passages, although their population-doubling and colony-forming ability was decreased compared with that of control uninfected pMPCs (data not shown).
To identify novel EWS-FLI1-regulated transcripts and gain a genome-wide understanding of the changes induced by EWS -FLI1 expression, we performed RNAseq (3SEQ, see Methods) to compare pMPCs expressing EWS-FLI1 with control pMPCs. We identified 157 genes with substantially higher expression in cells expressing EWS-FLI1, whereas only 13 genes had reduced expression ( Figure 1C Table 2 ). Genes induced by EWS-FLI1 in pMPCs were highly enriched in a previously published data set of human Ewing sarcomas (36) , validating the use of pMPCs for identifying genes relevant to the pathogenesis of this disease ( Figure 1D ). Similarly, 5 previously published gene sets of EWS-FLI1-regulated genes were all significantly enriched in the pMPC RNAseq data set (Supplemental Figure 2 , C-G, and refs. 8, 11, 14) .
In order to maximize the potential for discovery of novel EWS-FLI1 target genes, we focused further analysis primarily on genes not previously established as EWS-FLI1 targets using other approaches. RT-PCR validation confirmed induction by EWS-FLI1 of 39 genes identified as overexpressed in pMPCs ( Figure 2, A and B ). Next, we tested whether these genes were dependent on EWS-FLI1 expression in the context of Ewing susceptible to transformation by EWS-FLI1. Consistent with this possibility, MPCs derived from pediatric patients (pMPCs) express a distinct subset of genes when induced to express EWS-FLI1 compared with adult-derived MPCs (14) .
EWS-FLI1 can both activate and repress gene expression, although previous work has suggested that gene repression may be more prevalent (15) . However, most well-characterized EWS-FLI1 target genes are upregulated by the translocation, and much less is known about the mechanisms involved in EWS-FLI1 repression of gene expression. One mechanism may involve upregulation of transcriptional repressors such as NKX2.2, NR0B1, and BCL11B (16) (17) (18) . However, only a subset of EWS-FLI1-downregulated genes is regulated by these targets. Thus, other mechanisms accounting for gene repression likely exist and may play an important role in EWS-FLI1-driven oncogenesis.
A role for long noncoding RNAs (lncRNAs) in regulating oncogenesis is beginning to emerge. It has become clear through recent massively parallel sequencing studies that many transcribed RNAs have no protein-coding potential (19, 20) , suggesting a vast network of gene regulation that is only beginning to be understood. Furthermore, recent comprehensive studies have catalogued thousands of lncRNAs, the majority of which remain to be functionally annotated (21, 22) . Some lncRNAs play important roles in chromatin remodeling, RNA transport, RNA stability, and other critical functions that lead to changes in gene expression (23) . Well-known examples include XIST, which acts by recruiting the PRC2 complex to initiate X-chromosome inactivation (24, 25) as well as MALAT and NEAT1, both of which play a role in mRNA processing and nuclear organization (26, 27) . Some lncRNAs mediate gene expression in cis by directly recruiting or inhibiting the ability of transcription complexes to bind promoters of neighboring genes (28, 29) , while others act in trans to influence the expression of distant genes (30) . Given the widespread transcription of lncRNAs and their emerging role in gene regulation, they are candidate genes for participation in the complex genetic rewiring programs that occur as a consequence of oncogenic translocation events.
We used RNA sequencing (RNAseq) to elucidate the transcriptional effects of EWS-FLI1 in MPCs isolated from pediatric patients. This identified many novel EWS-FLI1 target genes. Among these was a previously uncharacterized lncRNA, lnc277 (LINC00277, herein referred to as Ewing sarcoma-associated transcript 1 [EWSAT1]). Functional and genomic studies indicate an important role of this lncRNA in the pathogenesis of Ewing sarcoma. Specifically, our studies identified EWSAT1 as a key regulator of gene repression downstream of EWS-FLI. The repressive function of EWSAT1 was mediated in part by interaction with the RNA-binding protein heterogeneous nuclear ribonucleoprotein (HNRNPK). These results suggest that further studies to identify non-protein-coding genes that contribute to oncogenesis will be fruitful for elucidating the complex genetic rewiring that is driven by EWS-FLI1 and perhaps other oncogenic translocations.
Results
Next-generation sequencing of pMPCs expressing EWS-FLI1 identifies novel targets of the oncogenic fusion. Previous studies have suggested that a MPC may be the cell of origin of Ewing sarcoma jci.org whereas few reads could be detected in the controls (Supplemental Figure 3A ). Expression of EWSAT1 in pMPCs expressing EWS-FLI1 was confirmed by RT-PCR ( Figure 3B ). Notably, while EWSAT1 is clearly upregulated as a consequence of EWS-FLI1, expression of EWSAT1 was several-fold higher in Ewing sarcoma cell lines than in pMPCs expressing EWS-FLI1, consistent with the lower levels of expression of EWS-FLI1 in pMPCs compared with cell lines ( Figure 1A) .
The lncRNA EWSAT1 is found on chromosome 15 between 2 protein-coding genes, NOX5 and GLCE (Supplemental Figure  3B ). Several alternatively spliced isoforms for this gene have been reported. Northern blot analysis using several different probes as well as isoform-specific RT-PCR confirmed that one isoform (EWSAT1-2, indicated in Figure 3A ) was predominantly expressed in Ewing sarcoma cells and dependent on EWS-FLI1 expression (Supplemental Figure 3 , C-F). To confirm the annotation of EWSAT1 as a noncoding RNA, we used the coding sarcoma by analyzing their expression in 2 Ewing sarcoma cell lines (A673 and SKNMC) after EWS-FLI1 knockdown. Of the 19 genes validated as upregulated in pMPCs, 16 also had decreased expression in both Ewing sarcoma cell lines after EWS-FLI1 knockdown ( Figure 2C ). Of these genes, 15 were protein coding, whereas one was a lncRNA of unknown function, EWSAT1. As a role for lncRNAs in the pathogenesis of Ewing sarcoma has not been described previously, further functional studies were focused on this novel downstream target of EWS-FLI1.
EWSAT1 is a lncRNA induced by EWS-FLI1. Visualization of the RNAseq reads across all controls (control pMPCs) and all induced samples (EWS-FLI1-expressing MPCs) at the EWSAT1 locus confirmed an upregulation of EWSAT1 in pMPCs expressing EWS-FLI1 compared with controls ( Figure 3A ). In all 3 pMPC lines expressing EWS-FLI1, multiple reads were detected at the 3′ end of the last exon of EWSAT1, as expected since the 3SEQ RNAseq protocol sequences only from the 3′ ends of transcripts, Figure 3D and data not shown). Two prostate cancer cell lines (VCaP and NCI-H660) that harbor the TMPRS-S2-ERG translocation were also negative for EWSAT1 expression. Northern blot analysis further confirmed expression of EWSAT1 in Ewing sarcoma cell lines and the lack of EWSAT1 expression in primary osteosarcoma tumors and cell lines ( Figure 3 , D-F). The specificity of the detected band was confirmed using an shRNA against EWSAT1 ( Figure 3F ). Taken together, the analysis of archival and fresh primary tumor samples as well as that of tumor cell lines strongly suggests that EWSAT1 is a lncRNA specifically upregulated as a consequence of the driving oncogenic event in Ewing sarcoma.
EWSAT1 expression is dependent on EWS-FLI1 and can be induced in heterologous cell types. To further analyze the role of EWS-FLI1 in regulating EWSAT1 expression, we used an shRNA targeting EWS -FLI1 via the 3′UTR of FLI1 ( Figure 2B ). To rescue the knockdown of EWS-FLI1, cells were infected with a lentivirus expressing an potential calculator (CPC) algorithm and found a negative value (-0.626559) for EWSAT1, making it highly unlikely that this gene codes for a protein (37) .
To confirm expression of EWSAT1 in primary Ewing sarcomas and to assess the expression of this gene in other cancer types, we analyzed a large RNAseq data set of paraffin-embedded primary human tumor samples that included several Ewing sarcoma samples (38) . Among the 17 cancer types in this data set, the highest expression of EWSAT1 was found in the 4 Ewing sarcoma tumors ( Figure 3C ). Lower but detectable levels of expression of EWSAT1 were seen in breast tumors and normal breast samples ( Figure 3C ). However, expression of EWSAT1 was low in all of the 7 other sarcomas analyzed. Of these, myxoid liposarcoma and extraskeletal myxoid chondrosarcoma harbored other translocations involving members of the FET family of RNA-binding proteins, suggesting that EWSAT1 expression is specific to EWS-FLI1. We also confirmed higher levels of expression of EWSAT1 in a first-passage patient-derived xenograft compared with Ewing cell lines ( Figure 3D ). (Figure 4 , A and B). EWSAT1 expression levels were rescued upon reexpression of EWS-FLI1, confirming that the observed effect of EWS-FLI1 knockdown on EWSAT1 expression is mediated via EWS-FLI1 and is not off target ( Figure 4C ).
The close correlation between EWS-FLI1 expression and EWSAT1 could be a consequence of the underlying epigenetic landscape present in the cell of origin of Ewing sarcoma. Alternatively, previous work has demonstrated that EWS-FLI1 has chromatin-remodeling activity and leads to nucleosome depletion at sites near upregulated genes (39) . If the epigenetic state of the cell of origin is the key determinant of EWS-FLI1-mediated EWSAT1 expression, it would be expected that expression of EWS-FLI1 in other cell types would not induce EWSAT1. To determine whether EWS-FLI1 expression in heterologous cell types is sufficient to induce expression of EWSAT1, HeLa and 293FT cells were transduced with a lentivirus containing a V5-tagged EWS-FLI1 cDNA ( Figure 4D ). Expression of EWS-FLI1 led to an increase in the expression of EWSAT1 in both cell types ( Figure 4E ). These results suggest that EWS-FLI1 is sufficient to activate EWSAT1 independent of the epigenetic landscape of the cell in which is it expressed. Notably, we were unable to confirm EWS-FLI1-regulated expression of a luciferase reporter construct containing a 4-kb fragment of the EWSAT1 promoter upstream of luciferase, suggesting that regulation of EWSAT1 by EWS-FLI1 either does not occur due to proximal promoter binding or involves more distal enhancer elements (data not shown).
EWSAT1 is required for EWS-FLI1-induced soft agar colony formation but is dispensable in normal cells. To determine whether EWSAT1 plays a specific role in maintaining oncogenesis in Ewing sarcoma cell lines, we used 3 independent shRNAs targeting EWSAT1 and 2 control shRNAs, one targeting GFP as a negative control and one targeting EWS-FLI1 as a positive control. Reduced expression of EWS-FLI1 and EWSAT1 was confirmed by RT-PCR ( Figure 5, A and B ). Knockdown of EWSAT1 with these shRNAs impaired the ability of Ewing cell lines to proliferate (Supplemen- . These data suggest that EWSAT1 is specifically required for proliferation and soft-agar growth in Ewing cells but is dispensable in other cell types. Given these results, we hypothesized that EWSAT1 expression may increase the proliferative capacity of Ewing cell lines or modulate other oncogenic properties such as their metastatic capacity. However, EWSAT1 overexpression in A673 cells (which express the lowest level of the lncRNA among all cell lines tested) did not result in increased proliferation and had no discernible effects in a scratch assay (data not shown).
EWSAT1 functions through regulating gene expression downstream of EWS-FLI1. Many functionally characterized lncRNAs have been shown to play a role in gene expression, primarily acting through interactions with chromatin modifying complexes (40) . Notably, EWSAT1 is expressed both in the nucleus and in the cytoplasm, suggesting that it may have complex roles in gene regulation (Supplemental Figure 4 , E and F). To ascertain the mechanism of action of EWSAT1 in EWS-FLI1-driven oncogenesis and to determine whether the lncRNA plays a role in regulating gene expression changes downstream of EWS-FLI1, we evaluated the global effects of EWSAT1 knockdown compared with those of EWS -FLI1 knockdown using RNAseq. The A673 Ewing sarcoma cell line was transduced with shRNAs targeting EWS-FLI1, EWSAT1, or a control shRNA (shGFP) (Supplemental Figure 5A ). Effective knockdown of the intended targets was validated by RT-PCR and Northern blot analysis (Supplemental Figure 5 , B-F) prior to library construction and sequencing (see Methods). Principal component analysis indicated a closer relationship between shEWS-FLI1 and shEWSAT1 gene expression profiles than either of these two compared with the shGFP controls (Supplemental Figure 6A) .
A total of 3,578 genes were significantly upregulated or downregulated in A673 cells as a consequence of EWS-FLI1 knockdown (FDR <0.1, fold change >2.0; see Methods and Supplemental Table 3 ). In contrast, a much smaller set of 404 Table 5 ). Clustering of all 3 data sets in the set of genes repressed by EWSAT1 is shown in Figure 6D .
A reduction of reads mapping to the EWSAT1 locus by either knockdown of EWS-FLI1 or knockdown of EWSAT1 compared with the control was confirmed by visualization on a genome browser ( Figure 6E ). The overlap of repressed targets between EWS-FLI1 knockdown and EWSAT1 knockdown in a Ewing cell line suggests that EWSAT1 may be an important driver of EWS -FLI1 target gene expression in vivo. To test this hypothesis, we analyzed an available RNAseq data set of 24 primary Ewing tumors (41) (see Methods). We computed the correlation of expression of each mRNA with that of EWSAT1 across all of these primary Ewing tumor samples. Next, we identified the mRNAs that we had found to be repressed by EWSAT1 in vitro (Supplemental Table 6 ). Notably, the cumulative distribution of the expression correlations for genes were upregulated or downregulated by EWSAT1 knockdown (FDR <0.1, fold change >2.0; Supplemental Table 4 ). Surprisingly, the majority of EWSAT1-regulated genes (313 of 404, 77%) were within the set of EWS-FLI1-regulated genes, vastly more than expected by chance alone (P = 2.2 × 10 -16 ) ( Figure 6A and Supplemental Figure 6 , B and C). While EWS-FLI1 causes both aberrant gene activation and gene repression (1,163 genes induced and 2,415 genes repressed), EWSAT1 repressed a much larger number of genes than it induced (100 genes induced and 304 genes repressed). Most importantly, the majority of the genes repressed by EWSAT1 (increased expression after EWSAT1 knockdown) overlapped with the genes repressed by EWS-FLI1 ( Figure 6B ). While a smaller number of genes was induced by EWSAT1 (repressed by EWSAT1 knockdown), most of these also overlapped with genes induced by EWS-FLI1 ( Figure 6C and Figure 7B ). Similarly, a gene set of targets downregulated by expression of EWS-FLI1 in pMPCs was also highly enriched in the shGFP versus shEWSAT1 comparison (NES = -2.07, P = 0) (ref. 14 and Figure 7B ). The overlap of these independent gene sets with the EWSAT1 knockdown data further supports a role for EWSAT1 as a critical negative regulator of gene expression involved in the pathogenesis of Ewing sarcoma.
Recent studies have identified mechanisms through which EWS-FLI1 represses gene expression, either directly or through other transcriptional repressors. To determine whether EWSAT1 functions as part of previously known mechanisms of repression downstream of EWS-FLI1, we compared the repressed gene expression signature of EWSAT1 to 3 previously described subsets of EWS-FLI1-repressed targets. The first gene set consisted of genes identified by ChIPseq and gene expression analysis as these EWSAT1-repressed genes was shifted to the left (more anticorrelated) compared with the overall list of genes expressed in Ewing tumors. The difference in the cumulative distributions of these 2 gene sets was highly statistically significant ( Figure 6F ). This suggests that the repression of these genes via EWSAT1 represents an important regulatory mechanism present in primary Ewing patient tumors.
Regulation of a subset of the overlapping target genes was validated by RT-PCR in EWSAT1 knockdown experiments independent of those used to generate the RNAseq data. Twenty-two of twenty-eight of the genes tested validated with at least 2 shRNAs against EWSAT1 ( Figure 7A and Supplemental Figure 6 , C and D). Next, we compared the EWSAT1 knockdown data set with published gene lists of EWS-FLI1-downregulated targets (8, 14) . A previously published gene set of EWS-FLI1-downregulated genes identified by knockdown of EWS-FLI1 was highly enriched in the (45) . EWSAT1 bound consistently to 22 proteins, out of >9,000 proteins, on the protein array (see Methods and Supplemental Table 8 ). Two of these twenty-two proteins, HNRNPK and STAU1, have previously been described to alter gene expression through interactions with lncRNAs (refs. 46, 47; Figure 8A ; and data not shown). We confirmed an interaction between HNRNPK and EWSAT1 using endogenous RNA immunoprecipitation (RIP) with 2 different HNRNPK antibodies ( Figure 8B ).
Knockdown of HNRNPK using 2 independent shRNAs substantially decreased cell growth (Supplemental Figure 8A) as well as soft agar colony formation (Figure 8 , C-E). In addition, loss of HNRNPK led to upregulation of a subset of genes regulated by EWSAT1 by RT-PCR, whereas knockdown of STAU1 had no appreciable effect on EWSAT1-regulated genes (Supplemental Figure 8 , B-F). To analyze the genome-wide transcriptional consequences of knockdown of HNRNPK on Ewing cells, we used RNAseq to compare Ewing cells after HNRNPK knockdown and control cells. Using the same analysis pipeline and the same significance cutoffs as used for the equivalent EWS-FLI1 and EWSAT1 RNAseq experiments, we identified 502 genes upregulated and 302 genes repressed by HNRNPK (Supplemental Table 9 ). Notably, there was no overlap in the HNRNPK-upregulated gene list with genes upregulated by EWS-FLI1 or EWSAT1. However, a highly statistically significant overlap (P < 5.5 × 10 -8 , Figure 8F ) was noted for the 302 genes repressed by HNRNPK (i.e., upregulated after knockdown) and the list of genes repressed by both EWS-FLI1 and EWSAT1 knockdown. RT-PCR analysis validated differential expression of a subset of these genes ( Figure 8G ). Thus, EWSAT1 and HNRNPK participate in gene repression downstream of EWS-FLI1.
Discussion
Many large-scale sequencing studies have demonstrated pervasive transcription in mammalian genomes (48) . Recent estimates suggest that >9,000 genomic loci express lncRNAs, and yet the vast majority of these remain functionally uncharacterized (49) . Many lncRNAs appear to act by regulating gene expression either in cis (50) or in trans (30) . Increasing evidence suggests that lncRNAs play important roles in oncogenesis. For example, several lncRNAs have been demonstrated to play precise roles in regulating genes expression in prostate cancer (51) . The lncRNAs PCGEM1 and PRNCR1/PCAT8 increase loading of the androgen receptor (AR) to specific enhancers, even in the absence of AR ligand, thus playing a critical role in driving AR-regulated gene expression (52) . Another prostate cancer-associated lncRNA, schLAP, acts by antagonizing the genome-wide localization of the SWI-SNF chromatin remodeling complex (53) . In melanoma, the lncRNA BANCR is upregulated by oncogenic BRAF or NRAS and plays an important role in pathogenesis (54) . In breast cancer, the lncRNA HOTAIR is upregulated and regulates the association of the polycomb complex 2 (PRC2) and LSD1/REST to target loci (55, 56) . These and other examples suggest that lncRNAs are critical to many oncogenic processes.
To our knowledge, specific regulation of a lncRNA by an oncogenic translocation has not been described. Here, we identified EWSAT1 as a EWS-FLI1-upregulated lncRNA that plays an important role in the pathogenesis of Ewing sarcoma. This directly repressed targets of EWS-FLI1 (42) . A second gene set contained genes downregulated through the EWS-FLI1 target gene BCL11B (18) . Last, we included genes downregulated by the EWS-FLI1 target gene NKX2.2 (16) . Strikingly, these 3 gene sets had little overlap with the set of genes identified as repressed by EWSAT1. Furthermore, EWSAT1 regulated a substantially larger subset (~10%) of the total number of EWS-FLI1-downregulated genes in A673 cells ( Figure 7C ). Taken together, these results identify EWSAT1 as a key target of EWS-FLI1 that is involved in establishing a repressive gene expression program that plays a critical role in maintaining the oncogenicity of Ewing sarcoma through a mechanism likely to be distinct from those of previously described repressed targets of EWS-FLI1.
These results raised the possibility that expression of EWSAT1 may be sufficient to drive gene repression in Ewing cells. To test this possibility, we overexpressed the main isoform of EWSAT1 found in Ewing sarcoma cells (Supplemental Figure 3C ) after knockdown of EWS-FLI1. Notably, the overexpression of EWSAT1 alone did not rescue the repression or induction of genes in EWS -FLI1-depleted A673 Ewing sarcoma cells. As a control, overexpression of a shRNA-resistant EWS-FLI1 cDNA both upregulated EWSAT1 and led to the expected change in levels of these mRNAs. These results suggest that other targets downstream of EWS-FLI1 are required for the ability of EWSAT1 to regulate gene expression ( Figure 7D ). In addition, we found that overexpression of EWSAT1 in pMPCs did not dramatically alter the growth of these cells or the ability of the pMPCs to form fibroblast-like colonies (CFU-Fs) or differentiate into mesenchymal lineages (Supplemental Figure 7) . Moreover, overexpression of EWSAT1 in the A673 Ewing sarcoma cell line did not result in an increased capacity of the cells to form tumors upon injection into immunocompromised mice (data not shown). Thus, EWSAT1 appears to be necessary, but not sufficient, to induce gene repression and drive the oncogenic transformation that occurs in the context of EWS-FLI1.
To identify biological pathways regulated by EWSAT1, repressed target genes with known gene identifiers (415 of 430) were queried to determine whether they could be classified into specific annotation clusters using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (refs. 43, 44, and Supplemental Table 7 ). The top 10% of annotation clusters with the highest enrichment scores was analyzed (Supplemental Figure  6E) . The largest annotation cluster ("extracellular region part," 189 genes) included genes coding for secreted proteins, such as LOX, SERPINE1, PGF, AXL, IGFBP5, and the interleukins IL1A, IL6R, and IL8. Nine of the eleven genes shown in Figure 7A validated by RT-PCR as EWSAT1-repressed targets are in this annotation cluster. In addition, the annotation cluster "skeletal system development" includes genes involved in mesenchymal differentiation into bone (BMP1, MGP, COL1A1, PTGS2, PDGFRA, MMP2, RUNX2, and IGFBP5). Thus, EWSAT1 may play a role in oncogenesis by inhibiting genes involved in a variety of processes such as extracellular signaling and differentiation.
EWSAT1 controls gene expression partially through an interaction with HNRNPK. lncRNAs generally act through interactions with proteins. To understand the mechanism by which EWSAT1 regulates gene expression downstream of EWS-FLI1, we used a previously described protein array method to identify lncRNA-binding jci.org be repressed by EWS-FLI1 in Ewing sarcoma cell lines (Figure 1 ), despite expression of EWSAT1. This suggests that other genetic or epigenetic events are needed in order for EWSAT1 to regulate the repressive program downstream of EWS-FLI1.
Using protein arrays and RIP, we identified HNRNPK and an RNA-binding protein that binds to EWSAT1. Notably, loss of HNRNPK in Ewing sarcoma cells recapitulated the phenotype noted after EWSAT1 knockdown. In addition, a significant fraction of the genes regulated by EWSAT1 loss were similarly regulated by loss of HNRNPK. Thus, EWSAT1 may act in part by regulating the interaction of HNRNPK with target genes, although EWSAT1 probably interacts with other RNA-binding proteins that will need to be identified to fully understand its molecular function. HNRNPK has been reported to play a role in regulating cell signaling, transcription, and translation (61) . Previous work supports a role for HNRPNK-lncRNA interactions as mediators of gene repression (43, 62) . HNRNPK may mediate gene repression through disrupting DNA-protein interactions at specific cytosine/thymidine-rich regions within promoters without direct binding to DNA (63) . Our studies suggest that EWSAT1 and HNRNPK act together to regulate gene repression of a subset of genes in the context of Ewing sarcoma. However, as many EWSAT1-repressed genes were not altered by HNRNPK downregulation, it is likely that EWSAT1 interacts with other yet to be identified proteins.
In summary, our study describes a pro-oncogenic function for a previously uncharacterized lncRNA. To our knowledge, these results provide one of the first indications that the function of an oncogenic translocation can be regulated by expression of a lncRNA. Indeed, unpublished data suggest that EWS-FLI1 regulates expression of hundreds of other lncRNAS. Our results also suggest that lncRNAs may play a larger role in mediating the pathogenesis of Ewing sarcoma than has been appreciated up to now. Our findings warrant careful analysis of other sarcoma translocations that may also function at least in part by regulating lncRNAs. Thus, these studies may have wide implications beyond the relatively rare Ewing sarcoma.
Methods
Cell lines. pMPCs were isolated as previously described (64) . Clinical characteristics of the isolated samples are shown in Supplemental Table  8 . pMPCs were cultured in aMEM supplemented with 20% FBS (Omega Scientific) and 100 U pen/100 μg strep/2 mM glutamine (Invitrogen). Ewing sarcoma cell lines and osteosarcoma were purchased from ATCC and cultured in DMEM supplemented with 10% bovine growth serum (BGS) (HyClone) and 100 U pen/100 μg strep/2 mM glutamine. TC71 was a gift from Timothy Triche (University of Southern California, Los Angeles, California, USA). Prostate cancer cell lines were a gift from Jonathan Pollack (Stanford University, Stanford, California, USA). Breast cancer cell lines were a gift from Michael Clark (Stanford University). Patient-derived xenograft PSS090 was obtained from a sample obtained directly from a patient with Ewing sarcoma and propagated in mice. IMR90 cells were purchased from ATCC and cultured in DMEM containing 10% BGS with pen/strep/glutamine. FACS analysis. Freshly trypsinized cells were spun down at 100 g at 4°C and washed with 1 ml 2% FBS in PBS. Cells were resuspended in the appropriate antibody dilution and left in the dark on ice for lncRNA is expressed in primary mesenchymal cells in response to EWS-FLI1, indicating that its upregulation is an early event in oncogenesis. In addition, EWSAT1 is upregulated in Ewing sarcoma tumor samples and downregulated in Ewing cell lines after EWS-FLI1 knockdown, indicating that its expression remains linked to EWS-FLI1 during the process of tumor progression. Functionally, knockdown of EWSAT1 in Ewing sarcoma cell lines significantly limits proliferation and soft agar colony growth, indicating that loss of function of this lncRNA is deleterious to the pro-oncogenic program downstream of EWS-FLI1. Notably, while loss of function of EWSAT1 suggested that this lncRNA may have oncogenic properties by itself, we were unable to detect a reproducible effect of EWSAT1 overexpression in either Ewing tumor cells or fibroblasts. Indeed, overexpression of EWSAT1 was poorly tolerated in some cell types, suggesting that EWSAT1 levels are tightly controlled or titrated to the presence of other components of the genetic network in which it participates. Thus, EWSAT1 is necessary but not sufficient to increase the oncogenic capacity of Ewing cells.
lncRNAs have been demonstrated to play complex roles in many biological processes. To elucidate the molecular mechanisms through which EWSAT1 is involved in Ewing pathogenesis, we analyzed the transcriptional consequences of EWSAT1 loss and compared them to those of EWS-FLI1 loss. Consistent with previous microarray experiments, RNAseq analysis identified a large number of genes repressed by EWS-FLI1 (8, 16) . Direct activation of gene expression by EWS-FLI1 occurs via binding to a consensus motif near promoters or by binding to a distal microsatellite repeat (57, 58) . To date, the mechanisms responsible for EWS-FLI1-mediated repression remain unclear. EWS -FLI1 directly binds to promoters of only a small subset (~5%) of repressed targets (42) . Thus, EWS-FLI1 likely represses genes primarily through indirect mechanisms. One possible mechanism may involve regulation of microRNAs (14, 59) . Another mechanism may involve specific EWS-FLI1 target genes that can act as transcriptional repressors downstream of EWS-FLI1, such as BCL11B, NR0B1, and NKX2.2 (7, 16, 18) . Gene repression may also involve chromatin remodeling, since both EWS-FLI1 and BCL11B have been shown to interact with components of the NuRD chromatin-modifying complex (18, 42, 60) .
Here, we identified a mechanism through which EWS-FLI1 regulates gene expression, namely through the upregulation of EWSAT1. Our analysis suggests that this lncRNA regulates approximately 10% of EWS-FLI1-repressed genes. This is markedly higher than the number of targets that have been demonstrated to be regulated by specific transcriptional repressors or direct binding to promoters (see Figure 7C ). Thus, EWSAT1 expression leads to gene repression downstream of EWS-FLI1 and accounts for a substantial number of the repressive gene expression changes seen as a consequence of the EWS-FLI1 translocation. We identified EWSAT1 by analyzing early transcriptional events that occur after EWS-FLI1 expression in primary human MPCs, the likely cell of origin of Ewing sarcoma. Interestingly, expression of EWS-FLI1 in these cells did not lead to full activation of the EWS-FLI1 expression program seen in fully transformed cells. Specifically, EWS-FLI1 expression in pMPCs did not result in repression of genes previously shown to jci.org Nuclear/cytoplasmic fractionation was performed using the PARIS Kit (Ambion) following the manufacturer's instructions.
Western blot. Cell pellets were lysed in RIPA buffer supplemented with protease inhibitor cocktail tablets (Roche) and phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich). Proteins were quantified using the BCA kit (Thermo Scientific). 25 to 50 μg of total protein was resolved by SDS-PAGE and transferred onto Immobilon-FL membranes (Millipore). Membranes were blocked in Li-Cor blocking buffer for 1 hour and then probed in primary antibody overnight. Membranes were probed for 1 hour at room temperature using the appropriate Li-Cor IRDye 680 and IRDye 800 secondary antibodies, depending on the species. Membranes were then scanned on the Odyssey Imaging Scanner (Li-Cor). Anti-FLI1 antibody was used at 1:500 (BD Pharmingen 554266). Anti-β-Tubulin was used at 1:1,000 (Li-Cor, 926-42211) . Anti-V5 antibody was used at 1:5,000 (Invitrogen R96025). Anti-HNRPK antibody was used at 1:1,000 (Santa Cruz Biotechnology SC-25373). Anti-β-Actin was used at 1:5,000 (Sigma-Aldrich A5316). Quantification was done by using Li-Cor Odyssey Scanner and Li-Cor Odyssey Software and dividing the levels of EWS-FLI1 by the levels of β-tubulin and then normalized to pMPC10.
Microarray analysis. RNA from pMPCs was isolated using TRIzol (Invitrogen) following the manufacturer's specifications and then purified using a RNAeasy column (Qiagen) followed by hybridization to Affymetrix arrays following the manufacturer's instructions. Microarray data were normalized with Expression Console software (Affymetrix) using the RMA algorithm (66) . Low signals (below 50) were filtered out using the Preprocess Data Set module in GenePattern (http://broad.mit.edu/cancer/software/genepattern/). Differentially expressed genes in published data sets of Ewing sarcoma cell lines with knockdown of EWS-FLI1 compared with control knockdown were identified using Significance Analysis of Microarrays software, with the cutoff FDR of 5% (8, 67) . To compare the arrays from different sources, array probe data were collapsed to gene symbols and filtered for a minimum fold change of 1.5, followed by standardization (SDs from the mean) of each gene symbol in each data set (list of arrays in Supplemental Table 1 ). Hierarchical clustering was used to compare standardized array data, using Pearson correlation to measure sample distance (68) .
Analysis of published human 3SEQ data. Raw data were downloaded from the NCBI Sequence Read Archive (SRA accession SRP006575) (69) . Reads were converted to FASTQ format and mapped to hg19 using BWA (70) . Using the Broad Institute lincRNA annotations (71), raw read counts and cpm values for each annotated lincRNA were obtained using NGSUtils (72) . cpm values were normalized to the millions of reads mapped to hg19.
RNAseq library preparation and analysis. For RNAseq of pMPCs, sequencing was carried out using the 3SEQ method following published protocols (73) . Total RNA was extracted by TRIzol (Invitrogen) and subjected to poly-A selection with the Dynabeads mRNA Selection Kit (Invitrogen catalog no. 610-06). The mRNA was then heat sheared, and the 3′ ends of the transcripts were transcribed into cDNA using an oligo-dT_P7 primer. After cDNA synthesis of the first and second strands, the P5 linker was ligated to the end opposite the P7 linker. The linker-ligated product was selected for 220-to 320bp fragments on a Nusieve GTG Agarose Gel (Lonza, 50080) and subsequently amplified by 15-cycle PCR to generate the directional sequencing library. Sequencing was performed from the P5 primer to 30 minutes, washed with 2 ml 2% FBS in PBS, and resuspended in 200 μl 2% FBS in PBS. All analysis was done on a FACSCalibur apparatus (BD Biosciences). Antibodies used and their dilutions are as follows: FITC-CD146 (Millipore MAB16985F) used at 1:100, FITC-CD90 (BD Pharmingen 555595) used at 1:100, FITC CD45 (BD 340664) used at 1:100, FITC-IgG1 (Chemicon CBL600F) used at 1:100, PE-CD105 (Abcam AB53321) used at 1:20, and PE-IgG2a (eBiosciences 12-4321-81) used at 1:20.
Differentiation assays. For osteogenic differentiation, 1.2 × 10 4 pMPCs per well were plated on a 12-well plate. After 24 hours, cells were induced with osteogenic differentiation media (Lonza, PT-3002). Media were changed every 3 to 4 days. After 3 weeks in culture, wells were washed 3 times with PBS and fixed in 100% ethanol for 15 minutes at room temperature. Wells were stained with 0.2% Alizarin Red S (Sigma-Aldrich 130-22-3, diluted in water) for 30 to 60 minutes at room temperature, rinsed with water, and then left to dry overnight at room temperature. For adipogenic differentiation, 8.0 × 10 4 pMPCs per well were plated on a 12-well plate. Upon confluency (2-3 days later), cells were induced with adipogenic induction media (Lonza PT-3004). Three days later, the media were replaced with adipogenic maintenance media and then changed every 3 days thereafter, alternating between adipogenic induction media and adipogenic maintenance media. After 3 rounds of induction and maintenance (~24 days after induction), the wells were washed with PBS and then fixed in 10% phosphate-buffered formalin for 20 to 30 minutes at room temperature. Wells were stained with Oil Red O (0.5% Oil Red O diluted in methanol, Sigma-Aldrich 00625) for 30 minutes at 37°C. Wells were washed with PBS and allowed to dry overnight at room temperature.
CFU fibroblasts. 100 pMPCs cells were plated per 10-cm plate and then left to grow for 2 weeks. Plates were then washed with PBS and fixed for 15 to 20 minutes in 10% phosphate-buffered formalin. Colonies were stained using 0.1% crystal violet for 30 minutes at room temperature, rinsed in water, and allowed to dry overnight at room temperature.
Viral infections. EWS-FLI1 (fusion type 1) cDNA cloned into the pLRT retroviral vector was a gift from Fernando Lecanda (Centro de Investigación Médica Aplicada, Pamplona, Spain) (65) . Virus was made using calcium phosphate transfection into 293FT cells. Virus was filtered, spun for 2 hours at 50,000 g at 4°C, resuspended overnight in PBS with 40 mg/ml lactate, and then applied to pMPCs with polybrene for 24 hours. Cells were selected with 7.5 μg/ml Blasticidin (Invitrogen). Doxycycline at 0.1 μg/ml was used to induce EWS-FLI1 expression. The pLKO.1 shRNA lentiviral system was used to knockdown genes of interest. pLKO.1-shGFP, pLKO.1-shEWSAT1-1, and pLKO.1-shEWSAT1-2 were purchased from Open Biosystems. pLKO.1-shEWS-FLI1 and pLKO.1-shEWSAT1-8 were generated by cloning oligos into pLKO.1. Target sequences for shR-NAs can be found in the Supplemental Methods. Puromycin at 2.5 μg/ml was used to select transduced cells. cDNAs for EWS-FLI1 and EWSAT1 were cloned into pLenti6/V5-DEST vector (Invitrogen).
RNA isolation. RNA was isolated using TRIzol (Invitrogen) following the manufacturer's specifications. cDNA was synthesized using either the DyNAmo cDNA Synthesis Kit (New England Biolabs, F470) or the Maxima First Strand cDNA Synthesis Kit (Thermo, K1642). RT-PCR was performed using SYBR Green (Applied Biosystems or Quanta Biosciences). RT-PCR primer sequences can be found in the Supplemental Methods. Northern blotting was carried out with standard protocols using a probe against the first exon of EWSAT1.
Gene ontology analysis. To identify functional categories of genes regulated by EWSAT1, we used DAVID for gene annotation enrichment analysis (http://david.abcc.ncifcrf.gov/).
In vitro assays. Cellular growth was assessed by plating cells into a 12-well plate after selection at a specific density and then counting in triplicate 24 hours after plating and then again 72 to 96 hours after plating. Growth was assessed by dividing the average number of cells at the final time point by the average number of cells at the first time point and then normalized to control cells. Soft agar assays were performed following standard protocols, seeding the cells into 0.35% agar and allowing them to grow for 2 weeks. Plates were then refrigerated for an hour and liquid media were removed. Colonies were stained with 0.02% Giemsa diluted in PBS for 10 minutes at room temperature and then rinsed with water and scanned 24 hours later. Relative cell viability was measured using MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; thiazolyl blue) tetrazolium salt and and plate reader (Synergy H1 Hybrid Reader, Biotek). Viability was measured by dividing the readout from day n (n = day 2 or onward) by the value from day 1 (e.g., day 3 = 0.75, day 1 = 0.5, relative proliferation/growth = 0.75/0.5 = 1.5).
CPC analysis. The CPC analysis was performed using the sequence information for RefSeq accession no. NR_026949.1 using the online tool (http://cpc.cbi.pku.edu.cn).
Protein array analyses. pGEMT-EWSAT1 plasmid was digested with SacII, and 4 μg linear DNA was used for in vitro transcription in a 50-μl total volume consisting of 1x Transcription buffer (Promega), 10 mM DTT (Promega), 1 mM NTP (Invitrogen), 40 units RNAseOUT (Invitrogen), and 60 units RNA polymerases SP6. The reaction was carried out at 37°C for 4 hours, after which DNA was digested by addition of 2 U DNase I at 37°C for 15 minutes. RNA was phenol-chloroform extracted, measured after ethanol precipitation using a NanoDrop 1000 spectrophotometer (Thermo Scientific), and visualized using denaturing agarose gel-electrophoreses. RNA labeling for microarray incubations was performed using a Label IT μArray Cy5 labeling Kit (Mirus) using 5 μg RNA and 3 μl Label IT Cy5, diluted 1:10 in water in a final volume of 25 μl. Reaction was incubated for 30 minutes at 37°C, terminated with 10x STOP buffer (Mirus), and purified via ethanol precipitation. RNA labeling density was evaluated using a NanoDrop 1000 spectrophotometer (Thermo Scientific), resulting in 1 molecule of Cy5 dye per 1,898 bp of EWSAT1, and visualized using denaturing agarose gel-electrophoreses. For RNA incubation, ProtoArray Human Protein Microarray v5.0 (Invitrogen) was used. 4 mg Cy5-labeled EWSAT1 was hybridized to protein arrays as described previously (45) , slides were scanned at 635 nm (Cy5) using a GenePix 4000B Microarray scanner (Molecular Devices), and the intensity of the wavelength signal at each spotted protein location was determined with GenePix Pro 6.1 software (Molecular Devices). Data were filtered based on signal above the background for each of the duplicate feature to be greater than 2.5-fold from the global mean signal from all of the spotted proteins.
RIP analysis. HNRPK RIP was performed as described previously (46) . Briefly, A673 Ewing sarcoma cells were harvested by trypsinization and washed with PBS. Cells were resuspended in 4 ml ice-cold PBS and 4 ml C1 buffer (1.28 M sucrose, 40 mM Tris HCl [pH 7.4], 20 mM MgCl 2 , 4% Triton X-100) followed by 12 ml ice-cold water. After incubation on ice, cells were spun at 500 g for 15 minutes at 4°C, and the nuclear pellet was resuspended in 3 ml RIP buffer (150 mM KCl, 25 mM Tris [pH 7.4], 5 mM EDTA, 0.5 mM DTT, 0.5% NP40, generate 36-bp reads using an Illumina Genome Analyzer II. Processing was carried out as described previously (74) . Briefly, reads were mapped to the human genome (hg19) using DNAnexus. The analysis module "3SEQ/Transcriptome-based quantification" was used for each sample using the parameters "sense read" for mapping direction and the ENSEMBL transcriptome as the reference. To identify differentially expressed genes, read counts were rounded to the nearest integer and the DESeq R script was used with an adjusted P value (padj) cutoff of 0.1.
For RNA sequencing of shRNA-infected A673 cells, RNA from A673 cells with shRNA-mediated knockdown of GFP (4 libraries), EWS-FLI1 (4 libraries), or EWSAT1 (7 libraries) or HNRNPK (2 libraries) was isolated with TRIzol (Invitrogen) according to the manufacturer's specifications. Each sample was cleaned up on an RNeasy Mini Column (Qiagen), treated with DNase, and analyzed for quality on an Agilent 2100 Bioanalyzer. 100-150 ng RNA was synthesized into cDNA and amplified using the NuGen Encore Complete Kit to produce strand-specific and rRNA-depleted libraries. Samples were multiplexed (4 per lane) for 2 × 100-bp paired-end sequencing on an Illumina HiSeq 2000. Reads were mapped to hg19 using STAR with default options (75) . A splice-junction aware STAR index was constructed using Ensembl gene annotations. SAM output was then sorted and converted to BAM files using Picard (http://picard.sourceforge.net). Read counts for each gene were obtained with NGSUtils using Ensembl gene annotation (72) . Differential expression analysis was performed using edgeR (76) for each comparison (EWS-FLI1 vs. GFP, lncRNA vs. GFP, and HNRNPK vs. GFP). Only genes with a mean read count of 10 in at least one condition were retained for further analysis. Genes with a FDR less than 0.1 and a fold count greater than 2.0 were considered to be significant. Analysis was performed using the R statistical environment. All data for RNAseq experiments are available through the Gene Expression Omnibus (GSE60891 and GSE60949). For analysis of human Ewing sarcoma RNAseq, aligned RNASeq data from Ewing sarcoma tumors was generated as previously described (41) . We calculated the reads per kilobase per million mapped reads values for coding and noncoding transcripts by applying the RNA-SeQC tool (Firehose RNASeqMetrics v35), with a modified Genecode (v12) annotation file(http://www.broadinstitute. org/cancer/cga/tools/rnaseqc/examples/gencode.v12.annotation. patched_contigs.gtf.gz) (77) .
Visualization of RNAseq reads. For the uninfected pMPCs and pMPCs expressing EWS-FLI1, reads from each replicate were combined and overall coverage was calculated. Coverage amounts were normalized using the total number of reads in each sample. BigWig files were generated from the coverage data and used for visualization. For shEWS-FLI1, shGFP, and shEWSAT1 samples, reads from each replicate were combined and overall coverage for the sample was calculated. Coverage amounts were normalized using the total number of reads in each sample. BigWig files were generated from the coverage data and used for visualization with the UCSC genome browser.
Gene set enrichment analysis. Gene set enrichment analysis was performed as described previously (78) . Either the pMPC RNAseq list or published gene sets were used, as indicated. Data sets were generated from either the pMPC RNAseq or the A673 shGFP and shEWSAT1 knockdown experiments; otherwise, published data sets were used: GSE12102 (36), GSE9520 (79), and GSE12274 (80).
